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A  Comparative  Study  of  the  Light  Sensibility  of  Selenium 
and  Stibnitfi  at  2C°  C.    and  -  190°  C. 


It  has  been  kncvm   for  some  time  that  selenium  exists  in  three 
distinct  modifications,    and  it  is  also   knovm  that  this  element 
experiences   a  decrease  in  resistfince  when  exposed  to   light  under 
proper  conditions.     Correlating  these   two   facts,   a  number  of  inves- 
tigators have  adopted  the   following  explanation  of  the  light  sensi- 
tiveness of  selenium.     They  assumed  that  in  the  light-sensitive 
variety  all   three  modifications  exist  in  equilibrium.       The  effect 
of  illumination  is  to   disturb  this   equilibrium  and   to   cause  an  inter- 
transformation  in  favor  of  that  particular  modification  which  con- 
ducts    electricity  most  easily.     This  theory  may  be  called  the   chem- 
ical theory,    and  on  this  basis,  we  should  expect  the  sensibility  of 
selenium  to    accord  with  well  known  chemical  facts. 

It  was  suggested  by  Pfund         that  the  conduction  in  selenium 
is  electronic  and     that  the  sensibility  may  be  acooun-^d   for  on  the 
assumption  thejt  the  light  in  falling  on  the  selenium  is  absorbed.   By 
this  process   electrons   are  set  in  resonance,   resulting  in  an  expul- 
sion of  electrons  outside  the  atoms.     This  would  increase  the  num- 
ber available  forjbarrying  the  current. 


1.  Phys.  Rev.   28,   19C9,  p.   324, 
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Among  the  facts  that  can  be  marshalled  in  support  of  this  elec- 
tronic hypothesis,   the  most  important  are  these: 

1.  As  showi  by  Thomson  in  his  "Conduction  of  Electricity 
through  Gases",   the  current  through  a  gas  ionized  by  photo-electric 
action  is  proportional   to  the  square  root  of  the  energy  of  the  excit- 
ing light,   provided  the  ionization  has  reached  a  steady  state.  The 
same  law  has  been  shown  by  Pfund-'-  and  Nicholson^  to  hold  for  selen- 
ium for  unlimited  exposures  to  visible  radiations  and  X-rays. 

2.  Another  general  property  of  electronic  conduction  is  the 
aoBtnce  cf  pol»rizaT;j.on.     A  number  of  xnvestigetbrs  ^  have  defi- 
nitely established  the   fact  that  normal  selenium  cells  show  no  polar- 
ization. 

3.  The  retention  of  light-sensibility  at  the   ternperature  of 

liquid  air  is  also  evidence  for  the  electronic  hypothesis.     This  prop- 

4 
erty  of  selenium  is  clearly  shown  by  the  experiments  of  Pochettino   , 

Kiss   licDowell^  and   the  author, 

4.  All  light  sensitive  substances  show  the  "voltage  effects"; 


1.  Pfund.   Phys.  Rev.   XXXIV,   No.   5,  May,    1912 

2.  Nicrholson.   Phys.  Rev.   Vol.   Ill,   Jan.   1914. 

3.  Ries.   "Electrical  Properties  of  Selenium  p.    53; 
Pfund.   Phys.  Zeit.   1&,   34G,   1909. 

4.  Pochettino.     Hend.  R.    Accad.   del  Line.   Sec.   5,   vol.   II,   p.   286. 

5.  licDowell.   Phys.  Rev.   31,    p.   524,   191C. 
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i.e.  Chin's  law  is  not  obeyed.     Kies-^,   Adamo^'  snd  Luterbacher 
hp.ve  shown  for  selenium,   that  the  specific  resistance  decreases 
with  the  voltage,  end  for  the  same  voltage  also  decreases  with  time. 

Object  of  Investigation: 

As  the  information  on  eelenium  at  liquid  air  tempera- 
tures wee  not  as  complete  as  might  be   desired,   it  seemed   advisable 
to  investigate  this  further.     The  perticular  object  of  the  investiga- 
tion,  ho^vever,   was  to  exandne  other  light  sensitive  substances  and 
determine  whether  or  not  they  showed  behavior  similar  to  selenium  at 
2C^  C.    and  -  19C^  C.     Due  to  lacV:  of  time,   most  of  the  observations 
have  been  confined  to  stibnite  whose  light  sensitive  properties  were 
discovered  by  Jaeger  . 
Cells:" 

In  order  to  carry  out  this  investigation,   it  was    first 
necessary  to  prepare  cells  which  would  meet  the  exorbitant  demands 
necessitated  by  this  temperature  variation.     It  soon  became  evident 
that  selenium  cells   prepared  in  the  usual     way  would  not  suffice,    as 
it  v.'as   found  that  after  a  ceil  had  been  subjected  to   the  temperature 


1.  Ries.   Phys.   Zeit.   12,    p.  48C  &  552,   1911. 

2.  Adams,   Proc.  Roy.   Soc.   23,   1875. 

3.  Luterbacher.   Ann  d.    Phys.   33,   1392,    1910. 

4.  Jaeger.   Proc.  Roy.   Acad.  Sci.   Amsterdam,  9,  808,   1907. 


of  liquid  air  and  brought  back  to  20°,  its  behavior  wes  markedly 
different. 

After  some  experimenting,  cells  were  finally  con- 
structed according  to  the  following  design.   This  cell  has  proven 
80  satis  factory  that  it  seems  well  to  describe  it  in  some  detail. 

Selenium  Cells:-  Anorphoue  selenium  was  first  cast  into  discs 
about  1.5  cm.  in  diameter  and  i.5  mm.  thick.  These  vsere  sensitized 
in  the  usual  ^-ay,  being  maintained  at  a  temperature  of  200°  C.  for 

six  hours  and  then  cooled  rapidly  to 
room  temperature.  The  discs  vere  then 
ground  down  smooth  on  crocus  cloth; 
and  silver  tape  electrodes  were  fas- 
tened on  with  celluloid.   A  film  of 
gold  wes  next  deposited  by  cathode 
sputtering;  and  finally,  the  gold  was  removed  along  a  narrow  line  -^^f 
as  shown  in  the  drawing.  Attention  ie  called  to  the  four  shallow 
pools  of  celluloid  shown.  Besides  strengthening  the  construction 
these  provided  a  smooth  transition  from  the  selenium  to  the  upper 
surface  of  the  silver  tape.   In  this  way  fractures  of  the  gold  film 
were  avoided.  The  time  required  for  this  deposition,  from  the  inser- 
tion of  the  cell  until  its  removal  did  not  exceed  20  minutes,  but 
as  a  matter  of  fact,  the  selenium  wes  covered  with  a  protective 
layer  of  gold  within  six  minutes.  No  evidence  of  any  deleterious 


action  due  to  mercury  vapor  could  be  detected.,   The  cell  was  finally 
enclosed  in  a  glass  tube  similfir  in  design  to  Fig.jt  . 

Pulb  B  was  filled  with  calcium  chloride 
and  the  constriction  leading  to  the 
upper  chamber  loosely  plugged  with  cotton. 
The  cell  c_  was  fastened  with  sealing  wax 
in  this  upper  chamber,  the  end  of  which 
was  closed  by  a  glass  plate.  The  vessel 
was  also  provided  with  a  side  tube  for 
p,  q  j£  exhausting  by  means  of  an  aspirator, 

a  phosphorous  pentoxide  tube  being  inserted  between  cell  and  aspirator 
during  the  process. 

Stibnite  Cells.     Stibnite  cello  were  made  and  mounted  in  essen- 
tially the  same  way  as  the  seleniuM  ceils.  Starting  out  with  crys- 
tals of  stibnite  (  Sb2S3)  and  using  the  cleavage  surfaces,  in  some 
cases  gold  was  deposited  over  the  whole  surface  and  afterwards  removed 
along  a  line  by  scratching;  in  other  cases,  a 
protective  layer  about  .5  mm,  wide  was  placed 
along  the  middle  of  the  crystal  before  deposi- 
tion. This  strip  was  afterwards  removed  die- 
closing  a  strip  of  clean  stibnite  cleavage  sur- 
face  which  could  be  exposed  to  light. 
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Gxidea.     Oxides  of  iron,  nickel  and  copper  were  formed  by  heating 
the  pure  metals  in  an  electric  furnace.  These  were  equipped  with  elec- 
trodes end  mounted  like  selenium  and  stibnite.   Cells  of  Molybdenite 
v.'erc  also  prepared. 

Apparatus :      The  arrangement  of  apparatus  is  shown  in  Fig. if 
The  source  of  illumination  was  a  Nernst  lamp  L;  a  spectrometer  of  the 
Wadsworth  type  broke  up  the  radiation  into  quasi-monochromatic  light 
focussed  in  the  plane  of  slit  S-;  the  light  could  then  follow  one  of 
two  paths  depending  upon  whether  the  right  angle  prism  P  ,  hinged  at 
H  was  raised  or  lowered.  V/ith  the  prism  P  swung  out  of  the  way,  the 
light  was  focussed  by  lens  Lg  on  a  sensitive  thermal  junction.  This  sys- 
tem constructed  according  to  his  latest  design,  together  with  a  sensi- 
tive galvanometer,  Was  built  by  Pfund  and  kindly  placed  at  my  disposal. 
Its  sensibility  was  such  that  e  candle  at  a  meter's  distance  gave  a 
deflection  of  3C  ram.  With  the  prism  P  down,  the  light  was  diverted 
downward  upon  the  cell  £  which  was  inserted  in  a  Dewar  flask.  The 
amount  of  glass  in  the  path  of  the  beam  over  both  pathe  was  approx- 
imately the  same;  and  it  might  be  said  at  this  point  that  in  carrying 
out  any  set  of  experiments  to  determine  the  effect  of  voltage  cr  tem- 
perature or  cf  anything  else  ,  these  factors  could  be  veried  without 
disturbing  the  cell  in  any  way.   Kesults  obtained  are  therefore  strictly 
comparable. 
TTThys.  Zeit.  XIII,  870,  1912. 
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In  measuring  increased  conductivity  the  usual  method  '.vae  em- 
ployed. A  diagrar.  shows  the  arrangerrent.  In  seme  cases  a  counter 

e.m.f.  was  introduced  at 
f^'   the  galvanometer  terminals 
to  annul  the  "dark  deflect- 
ions";  and,  when  the  in- 
creased conductivity  was 
too  large,  a  shunt  Kg  was 
T-i^u(^S.  ^21  introduced  to  cut  down  this 

deflection.  In  some  cases  both  counter  e.n.f,  and  shunt  were  unnec- 
essary. Both  this  galvanometer  (  sensibility  1.5  x  10 "^  amp.)  and 
a  deizice  for  exposing  for  the  desired  time  were  placed  in  an  adjoin- 
ing room.  In  general,  exposures  of  ten  seconds  were  taken,  and  an 
interval  of  three  or  four  minutes  elapsed  between  readings. 

Sensibility  Curves  at  20°C.  and  -  19C°  C.  Selenium  2C°  C.  

In  these  observations  selenium  cells  of  the  previously 
mentioned  type  were  used.  Both  the  counter  e.m.f.  and  shunt  had  to  be 
employed,  and  cbservetions  were  taken  on  a  number  of  cells. 

Strictly  speaking,  the  "sensibility"  of  a  cell  is  the  ratio  of 
the  two  quantities,  -  the  change  in  resistance  per  unit  energy  illum- 
ination and  the 'dark  resistance.   The  quantity  used  in  these  curves 
is  proportional  to  the  sensibility.  Whet  was  actually  done  wae  as 
follows :  The  galvanometer  deflection  corresponding  to  a  certain 
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vslue  of  the  incident  energy  v/ee   first  obtained.     The  deflection 
correeponding  to   a  particular  value  of  energy  taken  as  unity  could 
then  be  calculated   from  the  relation  D  =  K  E^ ,  where  D  is   the  galvanom- 
eter deflection,   K  a  constant,   E  the  incident  energy  and  p  another  con- 
stant.      Pfund  and  Micholecn  have  shown  that  3  =   .5,    end  this  value  Wfis 
used  in  applying  the  formula  unless  definitely  stated  otherwise. 

A  specimen  set  of  observations  on  cell  Selenium  D,   resistance  775, CCQ 
ohms  is  given  belcw.     Colunin  (1)   gives  the  wave-length;   columno  (2)   and 
(3)    the  energy  and  galvanometer  deflections   respectively;   column  (4)    the 
galvanometer  deflection  corresponding  to  unit  energy,   calculated  from 
relfition  D  =  K  E^^.      100  ran.   was   taken  es  unit  energy  deflection.     Col- 
umn (5)   gives  42  which  could  be  calculated  from  column  (4)    from  a  knowl- 
edge of  the  shant  employed.        Since  the  resistance  of  the  cell  rec-ained 
approximately  constant  throughout  a  set  of  readings,    ^  is   proportional 
to   the  sensibility.     It  is  to  be  observed    from  Table  I,    that     actual 
observations  near  the  sensibility  maximum  were  taken  for  energies  which 
do  not  vary  appreciably  from  that  value  of  energy  taken  as  standard. 
Thie  was  accomplished  by  adjusting  the  voltage  on  the  Nernst  I'r.p  end 
the  width  of  the  slit  3.     In  this  way  all  possibility  of  vitiation  of 
the  results  by  the  assumption  of  any  law  connecting  galvanometer  de- 
flections and  energy  was  obviated. 


Table  I. 


SeleniuTT  Cell  P.  IIC  Volte. 


Tempereture  23.5 


Wave-lergth           Energy  defl.            Galv.          Gelv.   defl.                                 dC 
mnii defl.         calc.   for  E=1C0 


.495  ^i 

8 

,5nm. 

1.77  nun. 

29,65 

.520 

17 

1.0 

2.42 

40.54 

.550 

25 

1.8 

3.6 

60.3 

.58C 

47 

5.5 

8.02 

134.3 

,62C 

9C 

9.0 

9.49 

15B.9 

.632 

97 

12.0 

12.18 

204.0 

.655 

109 

23.0 

22.03 

369.0 

.67C 

1C3 

35.0 

34.49 

577.7 

.689 

1C1.5 

47.0 

46.65 

781.0 

.71C 

110.5 

54.5 

51.85 

868.5 

.735 

1C2.5 

44.0 

43.54 

729.3 

.762 

106.0 

29.5 

28.00 

469.0 

.SCO 

101.5 

18.0 

17.86 

299.15 

.837 

96.0 

15.5 

15.82 

265.0 

.895 

98.0 

12  ■• 

12.12 

203. CO 

.982 

104.0 

8.0 

7.85 

131.5 

1.08 

101. 0 

3.5 

3.48 

58.29 

1.38 

100.0 

.5 

.5 

8.38 

Each    «ne  of  the  observations   in  columns   (2)    and  (3)   represent 
the  mean  of  at  least  two   readings,   and  these  do  not  differ  appreciably 
a*ora  one  another.     The  results  of  this  table  are  plotted  in  Curve  I. 
Sensibility  Curve  of  Seleniumat  »  19C°C. 

In  taking  these  curves    the  Dewar   flask  was   filled  with  liquid 
air  and  replaced  about  the  cell.     This  edjustment  could  be  effected 
without  disturbing  the  rest  of  the  apparatus.     Sufficient  cere  was 
taken  to  see  that  the  flask   remained  well  filled  with  liquid  air. 
By  means  of  a  funnel  arrangement,  not  shown  in  the  drawing,   the  supply 
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10 
could  be  replenished  without  withdra^ng  the  flask,   so   that  the  cell 
remained  in   the  liquid  air  throughout  the   experiment. 

In  all  recorded  experiments,   the  cell  was  brought  to   this  low 
temperature  very  gradually,   and  throughout  the  procedure,   the  conduc- 
tivity was  observed   to   fall  quite  rapidly  until  it  became  barely  per- 
ceptible.    Observations  of  Pochettino^  and  I'cDowell^  also  show  that 
the  resistance  of  selenium  at  liquid  air  temperature  is  enormously 
great.     In  taking  readings  at  these   iov;  temperatures,   it  was   found 
that  after  exposure  the  cell  returned  to  its  original  conductivity 
more  slowly  than  at  room  temperature.     The  surprising  thing  is  that 
the  light  seems  tc  become  effective   just  as  rapidly  at  this  low  tem- 
perature as  at  ordinary  temperatures.     The  deflections,   of  course, 
are  enonr.cusly  increased.     Some  other  experiments,   carried  out  in 
this  laboratory  to  determine  whether     the  number  of  electrons  liberated 
tas  independent  of  the  temperature,   shov,     that  the  effect  of  the  light 
ie  produced  within  .2  sec.       It  seems     difficult  to   the  -jirriter  tc  rec- 
oncile these  observations  with  any  chemical  explanation,   as  it  is  gen- 
erally known  that  ordinary  chemical  processes,   if  they  take  plpce  at  ailj 
do  so  v;ith  small  velocities  st  the  temper&ture  of  liquid  air. 


1.  Pochettino.  Rend.  R.   Accad.   dei  Live.   Set. 5,   Vol.   II,   p.   286 

2.  UcDowell.    Fhys.  Rev.   31,    p.   524,   191C. 
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Table 

n.    , 

Selenium 

Cell.        Temperature 

•  igO^C.     Exposure  IC   see. 

120  Volts 

sto 

-ape  Battery  used. 

V/ave- length 

Energy  defl 

Galv.   Defl.      4  c,  calc. 

^  Cj.calc. 

E  =lC0iflrfl,B=.5 

E= 100mm. P-1 

.520  \x 

10  mm. 

1  mm.                    3.16  mm. 

10  mm. 

.5&G 

18 

2                           4.71 

11 

.580 

3? 

5                           8,20 

13.5 

.620 

75 

15.5                       17.9 

20. 7 

.632 

96 

22.0                        22.45 

22.9 

.665 

103 

22.5                       22,17 

21.8 

.665 

101 

21.75                     21.64 

21.5 

.678 

105 

24.0                       23,42 

22.9 

,700 

95 

16.0                        16.42 

16.8 

.710 

93 

15.5                         16.07 

16.7 

.730 

100 

ICC                        10,0 

10,0 

.762 

101 

e.O                          7.96 

7.92 

.825 

ICO 

3.5                           3,5 

3.5 

,895 

1C6 

3.75                         3.65 

3.54 

.825 

100 

3.5                         3.5 

3.5 

.895 

106 

4.0                          3.89 

3.95 

.982 

100 

4.0                          4.0, 

4,0 

1.08 

ICC 

5.0                          5.0 

5.0 

1.19 

101 

6.0                         5.97 

5.95 

1,348 

100 

5.1                          5.1 

5.1 

1.620 

99 

1.5                         1.5 

1.5 

1.920 

1C4 

C                               0 

0 

1.08 

95 

6.0                         6,16 

6.1 

.762 

102 

6.0                         5.94 

5.88 

.730 

99 

10.25                     10.15 

1C.3S 

.700 

ICl 

18.0                       17.91 

17.82 

.678 

10 1 

23.5                        23,38 

23,27 

.655 

96 

29.5                        30. 0 

3C.73 

.632 

94 

30.0                        3C.94 

31.92 

.620 

80 

22.0                        24.6 

27.50 

.580 

47 

8.8                         12.84 

18:72 

.520 

11 

1.5                          4.5 

13.64 

12 

The  results  cf  these  ctservations  are   plotted  in   Curve  2.     In 
r.aking  all  observations  at  liquid  air  temperature,    the   cell  was   after- 
wards brought  back  to  room  temperature  to  determine  whether  or  not  the 
first  readings  could  be  reproduced.     This  is  the  reason  why  early  ob- 
servations on  cells  of  standard  designs  had  to  be  discarded  as  worth- 
less.    With  the  new  design  of  cell  no   difficulty  was   experienced. 
Voltage  effects  were  detected  at  liquid  air  temperature. 

From  a  comparison  of  Curves  1  and  2  the  following  conclusions 
seem  to  stand  out  most  pronounced: 

The  effects  of  low  temperature  ere: 

_1.   An  extension     of  the  range  of  sensibility  from  .9^  to     2  n  approx- 
imately. 

_2.A  shift  of  the  sensibility  maximum  to  the  region  of  shorter  wave- 
lengths by  about  600  A.U. 

Position  of  Sensibility  maximum  unaffected  by  voltage  effect  and  direction 
of  progression  thrcug^h  spectrum;- 

Although     it  seened   probable  that  the  position  of  the  maximum  was 
unaffected  by  these   factors,    it  was  deemed  best  to  verify  this  experi- 
mentally.    Curves  Sg  and  3|j  were  plotted  for  selenium  at  -  IQC^C. 

Curve  3       as  indicated  hy  the   pjrrow,  is  plotted  for  readings 
taken  throu^^h   the  spectrum  from  shorter  to  longer  wave-lengths;  Curve 
3.    refers  to   the  same  cell,   readings  being  taken  in  the  reverse  order. 
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13 
Duririj^  the  course  of  these  readings,   the  conductivity  was  observed 
to  increase  appreciably  although  the  temperature  niust  have  reinained 
constant.      The  carves  show,    however,   th^t  the  sensibility  maximum 
is  unaffected  by  this  voltage  effect. 

Stibnite. 
The  light  sensitive  property  of  stibnite  (  Sb2  S3)   \va3  discovered 
by  Jaeger-^  19G7 ,   end  P.ies     showed  later  that  this  substance  exhibits 
the  sane  voltage  effects   found  in  Selenium.       It  was  decided   to  in- 
vestigate this  substance     further  using  as   the  node  of  attack  a 
study  of  the  sensibility  curves  obtained  under  various  conditions. 
As  previously  mentioned  two  kinds  of  cells  were  prepared 
from  Stibnite  crystals.     In  one  type  of  cell  the  surface  exposed  to 
the  light  was  a   fresh  cleavage  surf  sec  •which  had  been  protected   from 
the  gold  during  the  deposition.      In  the  second  variety  gold  was   first 
deposited  over  the  whole  surface   and  afterwards   rsTnoved  along  a  line 
by  scratching  with  a  fine  needle.      In  all  cases  the   cells  were  mounted 
in  the  same  manner  as  the  Selenium  cells  previously  described. 

Law  connecting  Energy  and  Deflections.^  Room  Temperature. 

In  investigating  this  point  a  rotating  sector  was  placed  before 
the  spectrometer  slit  S-^  (   see  Fig.     ).     The  disc  was  so  conctructed 
that  by  sliding;  the  motor  along  a  pair  of  ways,    full,   one-half  or  a 
quarter  energy  was  allo-jred  to   fall  on  the  slit.  The  procedure  was   to 
get  the  galvanometer  deflection  for  various  values  of  the  incident 


1.  Jaeger.  Proc.  Roy.   Acad.  Sci.,  Amsterdam.  9,  908,  1907. 

2.  Riee 
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energy! 

Table:    III  gives   the  results   for     Stibnita  Cell  "A". 

Exposure  IC  sec.     ,                IIC  volts.                       2l'*C. 
V/ave -lengths           I^galv.    defl.    Dj=gRlv.defl.   D,  =gfllc.defl.  t^calc       |ic41c. 
full  energy         1/2  energy         l/4ener-y  D,iD^           fron 
D.otD 


.642  ix 

9  ram. 

5.2  nm. 

4  nun. 

.54 

.58 

.670 

16 

11 

7.7 

.54 

.53 

.665 

27.5 

19.3 

13.7 

.51 

.53 

.700 

59 

39 

26.7 

.59 

.57 

.740 

137.5 

95.1 

66.7 

.53 

.52 

.768 

86.75 

54.5 

35.9 

,67 

.64 

.8CC 

39.5 

23 

15.1 

.78 

.69 

.873 

7 

3 

2 

1,02 

.92 

It  will  be  observed  that  the  value  of  p  for  the  longer  wave-lengths 
is  in  general  greater  than  for  the   shorter  wave-lengths.     This   is  simi- 
lar to  what  we   find  in  Selenium.     The  obvious  explanation  is   that  a 
greater  time  is  requirsd  for  equilibrium  for  the  longer  wave-lengths. 
Fpr  the  sane  reason  the  value  of  p   for  all  wave-lengths  is  too  large. 
For  exposures  sufficiently  long  enough  to  ensure  equilibrium  it  is  safe 
to   say  that  the  square  root  law  applies  to  Stibnite.      In  other  words 
Stibnite  obeys   the  Isw  D  =  Fi'    ,  where  D  is  the  galvanometer  deflection, 
L  is   the  energy  and  p  =    ,5. 
Sensibility  Curves   for  Stibnite  at  Room  Temperature. 

Two   specimen  sensibility  curves  will  be  given  in  this   connection. 
Both  refer  tc  the  same   cell,   "Stibnite  A",  which  had  a  scratched  sur- 
face.    The  first  observations  were  taken  by  exposing  the  cell  until 
equilibrium  was  reached.     Owing  to   the  "voltage  effect"   in  Stibnite 
the  galvanometer  never  came  absolutely  to  rest,   but  equilibrium  was 

•Exposures  of  ten  eeconds  were  made,   and  the  relation  D  =  K  E^  was   as- 
sumed to  hold  between  galvanometer  deflections  and  energy.   Having  two 
values  of  D  as  well  as   the  ratio  of   the  corresponding  energies  the  vilue 
of  {3  was  easily  calculated. 


considered  to  be  reached  when  the  galvanometer"!  irai.   per  minute. 
After  each  reading  the   cell  was  allowed  to  soak  back  appro xirn at oly 
to  its  original   conductivity  before  the  next  reading  was   taken. 
Intervals  between  readings   amounted  in  some  cases   to  as  much  as 
thirty-five  minutes.     The  value  of  g  was  also  investigated. 
Table  IV  gives   the  results. 


Stibnite  Cell "a:     120 

Volts. 

Battery. 

Temperature  20^ 

C. 

V/ave-length  Energy 

D,  =  galv 

defl. 

I^galv.defl 

Ac  calc.for 

P  calc.frora  D,and    di. 

Defl. 

full  energy 

1/2  enersy 

E= 100mm  3=.5 

asB^Amins  ]>KL'*( law) 

.538 

^           7.5  mm. 

.5 

1.3mm. 

.568 

14.5 

2.5 

1.7 

6.6 

.55 

.584 

20. 

9.1 

6.3 

20.35 

.53 

.604 

27.2 

16.65 

12 

31.92 

.47 

.614 

33.4 

22 

14.5 

38.7 

.60 

.626 

39.4 

22 

16 

35.05 

.46 

.632 

44.1 

26 

19.5 

39.15 

.42 

.640 

53 

30.5 

21.5 

41.89 

.50 

.692 

94.7 

90. 

59 

92.48 

.61 

.705 

67.5 

93 

62 

119.3 

.66 

.740 

64.9 

115 

73 

142.75 

.66 

.768 

75.0 

93 

64.5 

107.4 

.55 

.809 

100.4 

24,4 

17.5 

24.3 

.50 

wean  p 

.54 

P   for  the  longer  wave-length  has  a  smaller  value  than  for  the  determinations 
taken  with  a  ten  second  exposure,   the  mean  value  for  range  of  spectrum 
covered  being  about   .54.     Curve IV  is  plotted    from  these  readings. 

Table  V  refers   to  the  same  cell,   readings  being  taken   for  exposures 
of  ten  seconds.      All  other  conditions  were  practically  the  same. 
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rahle 


Stibnitc  Cell  "A" 


IPX  Volts. 


Temperature  21. C. 


IC   sec.  ExDoeure. 


Wsve-lencths 

Energy  Defl 

.520  V 

18  mm. 

.550 

37 

.580 

65 

.5CC 

100 

.642 

99 

.670 

105 

.685 

106 

.700 

ICC 

.720 

104 

.740 

103 

.762 

100 

.800 

98 

.837 

95 

.395 

97 

Galv.    Defi. 


Ac   calc.    for 
-100  mm. 3  -.5 


2 

4 

8 
IC 
12 

20.5 
31 
56.5 
97 

90.5 
46.3 
10 

1.5 
.5 


4.71 
6.58 
9.92 
10. 
12.06 
20.00 
30.11 
56.5 
95.13 
89.16 
46.3 
10.10 
1.54 
.51 


The  resulting  sensibility  curve  is  Curve  V   .      Comparing  this  with 
CurvelV,  we  see  that   for  unlimited   exposures  the  maximum  sensibility  lies 
further  in  the  red.     The  obvious  explanation  is  that  while  equilibrium 
is  approximstely  reached   for  the  shorter  wave-lengths  in  ten  seconds, 
such  is  not  the  case   for  the  other  end  of  the  spectinjm.     The  effect  of 
longer  exposures  is   therefore  to  increase  the  ordinatee  corresponding 
to  longer  wave-lengths,   leaving  the  shorter  wave-lengths  practically 
unaffected.     Consequently  the  maximum  shifts  towards  longer  wave-lengths. 
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Effect  of  Voltage  on  the.   Sensibility  Vaxir^im:- 

It  seemed  also  desirable  to  exoirdne  the  effect  of  voltage  en  the 
sensibility  masimum.  Tables  VI  and  "II  give  the  senBibility  data  for 
the  same  cell  Stibnite  "n"  for  twc  different  voltages.  In  Stibnite 
"D"  the  exposed  surfacd  .me   one  of  the  cleavege  planes  of  the  crystal. 
The  resistance  of  this  cell  was  somewhat  lov^-er  than  cell  Stibnite  "A". 
Table  "I. 


Stibnite  Cell  "D". 
Temperature  SCtS  C. 


Voltage  20.5 
Exposure  IC  sees. 


Wave-len,p;th3 


Energy  Defl. 


Galv;  Defl.  ^  c  calc. 


E  =  loo  mm.  3=.5 


5165  ^ 

7.25 

5482 

13 

5782 

22.25 

6176 

38.9 

667C 

40.7 

682 

42 

724 

57.3 

739 

62.2 

7554 

75.25 

791 

88 

8175 

76.75 

8846 

111.25 

1.5  rnr. 

5.57 

2.3 

6.38 

5.8 

12.3 

1C.4 

16.67 

17.3 

27.12 

21 

32.40 

42.5 

56.15 

52 

65.94 

58.7 

67.67 

37 

39.44 

14.5 

14.74 

2 

1.5 
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Table  VII. 

Stibnite  Cell  "D"  Voltage  12G. 

Temperature  2C.5  C.  Sxposure  IC   secE . 

V/ave-lengths  Energy  Defl.  a^Galv.Defl.   D^=Galv.Defl.  Ac   calc. 

calc.  knowing  shunt 

E=1CC  CTn.8=.S 


.5185p                          11  ffiin.                1.75ram.  5.28  55. 'iS 

.5482                             19                      4.88  11.19  117.50 

.5782                           36.2  12.8  21.76  228.43 

.6176                            66.25  26.2  32.19  338. CO 

.667                              94.1               59.6  61.44  645. 2C 

.682  102.75  88.6  87.41  917.8 

.724  102.4  134  132.41  139C 

.739                               99  142  142.72  1498.33 

.7554  1C3  lie  1C8.38  1137.5 

.°175  100,75                8  8  iC3.34 

.^846  97.7  vo   defl. 


A  comparieon  cf  Curves  VI  end  VII  shows  an  apparent  shift  of  the 
maximum  towards  the  shorter  wave-lengths   for  the  higher  voltage.     'JMle 
this  apparent  shift   amounts   to  about  ICO  A.U. ,   the  author  is  ir.clired  to 
attribute  it  to    accidental  errors.     Owing  to   a  lack  of  time,    it  was 
deemed    inadvisable  to   repeat   the  readings  at  this  time.       This  will  be 
done  in  the  near   future. 
Vcltage  Effects : 

As  othe^*  Invpstigators     have   already  observed  Stibnite 
shows   the  voltage  effect.     The  specific  rasistence  decreases  with 


1.   Hies.   Ann.   d.   Phys.   36,   1655,   1911. 
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the  voltage.      It  is  also   observed  that   for  e  given  voltage  the  con- 
ductivity decreased  with  time.     Like  Selenium,  Stibnite  cells  do 
not  regain  their  original  conductivity. immediately  at  the  end  of 
an  exposure,   but  require  time.     Compared  with  Selenium,    ho%vever, 
this   return  is  much  more  rapid. 
Stibnite  at  the  Temperature  of  Tiic^uid  Air;- 

Sensibility  curves  were  obtained  at  this  temperature  and 
the  law  connecting  galvanometer  deflections  and  energy  investigated. 
No  statement  need  be  made  of  the  method  of  procedure   as  it  was   iden- 
tical with  that  used   for  f^elenius.       As   it  was  propose-'   to  use   an 
ex^X'Oure  of  ten  seconds   for  the  sensibility  curves   at  this   tempera- 
ture,  the  law  connecting  energy  and  deflection  was  investigated  under 
these  conditions  and  this  value  used  in  reducing  the  galvaricneter 
deflections  to  equal  energies.     The  data  referring  tc  this  part  of 
the  work  follo-ira: 


Stibnite 
__Voltajie. 

Cell  "T^" 

J20._          

Temperature  -  19C"C. 
10  sees,   exposure. 

YJave-lengths  D,  =  Galv.Defl. 
full   enercv 

F^-   Galv.defl 
Half  enera;y 

P   calc.    from 

D/  and   Di 

.577  p. 
.615 
.735 
.813 

13.65  mm. 
17.25 
21.5 
30.9 

8.3  mm. 
10.14 
12 

17.97 
Mean  Value 

.71 
.74 
.85 
.78 

.77 

20 
Senaibilitv  Curves  -  1Q,C°  C.  ,  Stibnite. 

A  number  of  experiments  ware  carried  out  on  different 
cells.  The  data  end   cvirves  will  be  given  for  but  one  cell,  Stib- 
nita  "0".  This  cell  -ims  of  the  scratched  cleavage  surface  variety 
and  had  a  slightly  lower  conductivity. than  cell  Stibnite  "D". 
Unfortunately  this  cell  burned  out  before  its  resistance  was 
accurately  determined. 
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Table 

VIII. 

Stibnite 

Cell  "C". 

TeTiperat 

are  -  190°  C. 

12C 

Volte. 

IC   sec.   exposure. 

V/ave-len; 

;th     Znergy 

CtbIv.    4 

1  c,  calc.          A  C2.calc. 

/I  Cj  calo. 

Defl.  ^ 

..    _Den..  . 

E=48mm  tl=.5 

e=48nini  3=1. 

E=48mn     3  =.77 

.520^ 

8  mm 

4  Iran 

9.8iran 

24tnm 

18.22 

.55G 

19 

5.5 

8.7 

IQ.IC 

11.23 

.530 

35 

6.C 

7.1 

8.22 

7.66 

.600 

51 

13. 

12.61 

12.24 

12.41 

.620 

46 

14. 

14.3 

14.61 

14.46 

.632 

46 

11.5 

11.8 

12, 

11.88 

.642 

49 

19. 

18.8 

19.61 

18.70 

.649 

49 

33. 

32.7 

32.32 

32.48 

.655 

52 

80. 

76.9 

73.85 

75.22 

.660 

48 

232 

232 

232 

232 

.665 

13 

240 

461.2 

890.35 

655.21 

.670 

3.75 

214 

765.6 

2739 

1523.93 

.678 

1 

197 

1333.79 

9456. 

3881.67 

.685 

1.2 

18C 

1311. C9 

72CC. 

3CS2,2C 

.692 

1.5 

77.5 

438.10 

3121.4 

1117.50 

.700 

9.0 

152.0 

409.20 

81C.6 

551,5 

.710 

16.0 

143.  C 

247,63 

429.0 

333.2 

.730 

19. C 

131.0 

208.21 

33C.9 

267.4 

.751 

22.0 

141.0 

208.27 

307.6 

257.1 

.773 

26.0 

152.  C 

206.53 

276.1 

243.6 

.800 

31 

164. 

204.08 

253.9 

235 

.825 

33 

177. 

213.48 

257.5 

23G.2 

.850 

39 

135   . 

2C5.14 

227.7 

217.1 

.880 

43.5 

194. 

202.7.9 

214.1 

209.3 

.930 

45 

134 

190.04 

196,3 

193.4 

.982 

37 

150 

170.85 

194.6 

175.1 

1.080 

43 

125 

132.06 

139.5 

136,1 

1.190 

48 

79 

79 

79 

79 

1.348 

43 

33 

34.86 

36.84 

35.91 

1.62 

46 

6 

5.13 

6.2 

6.2 

1.92 

46 

C 

0 

0 

0 

Curve  VIII  gives   the  results  in  a  curve.     The  value  of  3  used  in 
reducing  the  deflections   to  equal  energies  was    .77.     It  is   to  be 
noticed,   hov/ever,    that  \7hile  the  value  of  the  ordinates  depends  upon 
the  perwi^-irf  exponent  assumed,   there  would  be  no  shift  of  the   oosi- 


22 


tion  of  the  maximum  for  values  of  p  rangin-j  from  .5  to  1. 

For  purposes  of  comparison  there  are  given   at  this  point  the 

sensibility  data  for  the  same  cell  at  room  temperature. 

Table  IX. 

Stibnite  0.  20* C. 

IC  Volt3.^  ,,  I      ,  ^^  ^,^°'    ^i^P^.'^.y.^.' 

Wave-lengtir~        Energy  Galv.  i.  c  calc, 

Defl. Defl.  E  ^  48  mm.    g  :=    .5 

11  mm. 
13.44 
13.86 
15.59 
16.19 
16.33 
15.33 
13.5 
15.5 
16.85 
31.67 
46.49 
62.31 
7C.35 
72,05 
54.3 
34.5 
18.25 
10.61 
2.97 
1.01 


,495  u 

12  mm. 

5.5 

.520 

17 

a 

.535 

25 

10 

.550 

36 

13.5 

.565 

38.5 

14.5 

.580 

52. 

17. 

.600 

51 

16 

.620 

48 

13.5 

.642 

48 

15.5 

.570 

45 

16.5 

.596 

46 

31 

.705 

47 

46 

.720 

46 

61 

,735 

SO 

71.8 

.742 

52 

75 

,751 

48 

54.3 

.762 

48 

34.5 

.774 

48 

18.25 

.785 

47 

10,5 

.813 

49 

3 

.837 

47 

1 
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?roin  a  compsriaon  of  Curves  IX  and  X  these  two   conclusions 
stand  out  most  prominently:   Lowering  the  temperature  of  Stibnite 
from  2C°  to   -  igc^C.    causes; 

1.  Extension  of  region  of  sensihility  to  2\i  Rpproximately. 

2.  Shift  of  approximately  6C0  A.U.   of  the  sensibility  "nax- 
imuni  to'vards    ths   region  of  shorter  wave-lengths.      This   is  what 
was  also   found   for  Selenium. 

Anomalous  Stibnite  Cells;- 

In  addition  to  the  general  characteristics  enumerated 
above,    two   cells  "Stibnite  B"  and  "Stibnite  X"  exhibited  surpris- 
ing properties.     A  preliminary  test  with  an  incandescent  lamp  indi- 
cated that  these  cells  were  quite  normal,  but  with  monochroinatic 
light  some  unexpected   oroperties  v^ere   found.     For  certain  regions 
of  the  spectrum  these  cell*    were  photo -negative  while   for  the  longer 
wave-lengths   they  were  photo-positive.     The  performance  of  "Stibnite 
E"  taken  at  room  temperature  is  given  in  Table  XI  on   following  page. 


Table  XI. 


Stibnite   "B" 

Temperature 

2G.5   C. 

2C  Volts. 

IC   sec 

Exposure . 

Wave-lengths 

J^Energy 

D,  =aalv. 

E^=Energy 

D2=  Galv. 

Defl. 

Defl. 

Defl. 

Defl. 

.5C35   n 

11.5  Tim. 

-8  mm. 

2.0  mm. 

-5  mm. 

.5302 

20.5 

-IC 

3.25 

-5 

.5602 

4C 

-  7.5 

7 

-7 

.5936 

79. 

-IC 

14,5 

-7.4 

.634 

150.5 

-  5.2 

31 

-5 

.657 

219 

C 

47.5 

0 

.695 

229 

■♦■leran.  . 

54 

+  9 

.724 

234 

aa 

57.5 

+  10.5 

.767 

198 

+  19.5 

54.5 

+4 

.906 

135 

It  seems  well  to  mention  that  whenever  the  deflection  was 
negative  an  additional  negative  deflection  was  observed .immediately 
at  the  end  of  the  exposure.  Just  what  the  explanation  is  it  is 
impossible  to  say,  but  it  is  certain  that  the  effect  is  in  the  cell 
itself  and  not  due  to  external  electrical  influences.  From  a  glance 
at  the  table,  it  is  seen  that  no  deflection  is  recorded  for  \=. 657^1. 
The  inferencejmust  not  be  drawn  from  this  that  the  galvanometer 
needle  remained  entirely  quiescent.  As  a  matter  of  fact  there  was 
first  a  positive  deflection  of  1.5  mm.  follov/ed  immediately  by  an 
equal  negative  deflection.  An  attempt  was  made  to  find  the  law  for 
the  cell  connecting  energy  and  deflection.  No  simple  relation  was 
found.  It  is  evident  that  we  are  dealing  here  with  the  superposition 
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cf  two  effects.   A  superficial   study  shows   that  if  the  law  D  =  K  E*^ 
does  apply,    the  valuesbf  ^  for  negative  and  positive  deflections 
are  entirely  different. 

At  the  temperature  of  liquid  air  this  cell   showed  the  max- 
inura  in  the  usual  position.     At  this   teTiperature ,    the  negative   effect 
was  entirely  absent.  The  range  of  sensibility  had  been  extended  con- 
siderably,  positive  deflections  being  recorded  from  AB\i  to  2.5  n   . 
Returning  to  SC'C,    the   cell  was   found  to  be  light  negative  again.   The 
writer  hopes   to  investigate  photo-negative  Selenium  prepared  accord- 
ing to  Brown's  process,   to  see  whether  cr  not  this  photo-negative 
property  is   fundamental  in  character. 

Cell  "otibnite  X"  when  first  prepared,   showed  this 
photo-negative  property  even  more  striking  than  "Stibnite  B". 
Twenty-four  hours   later  this  had  entirely  disappeared  and  the  cell 
tKci'ji.(jK.  normal  was  now  very  unsteady.     The  transient  character  of  this 
photo-negative  property  as  indicated  by  "Stibnite  X"   is  controvented 
by  cell  "Stibnite  B"   (    fully  described  above).   At  the  tine  of  wiiting 
"Stibnite  B"  which  is  a  month  old,   still  retains  its  photo -negative 
characteristics.     Further  studies  on  these  so-called  anomalous  Stib- 
nite cells   are  to  be  nade  with  a  more  rapidly  moving  galvanometer. 


Oxides  of  Copper^  Nickel.  Iron  and  Uclybdenite. 

Cxidea  of  copper,  nickel  and  iron  were  prepared  in  cell 
form.  Those  together  with  molybdenite  were  investigated  in  a 
superficial  manner  with  light  from  an  incandescent  bulb.  While 
these  gave  indications  of  light  sensitiveness,  I  arr  not  prepared 
to  say  just  ^ow  much  of  the  deflection  was  due  to  purs  heating. 
The  full  investigation  of  this  point  had  to  be  postponed  as  the 
quantities  involved  were  of  such  a  different  order  of  magnitude 
that  a  complete  re-arrangement  of  apparatus  would  be  required. 

Theoretical  Discussion: 

More  extended  experimental  data  m?jst  be  at  hand 
before  a  theoretical  discussion  becomes  profitable.  It  would 
n6t  be  surprising,  however,  to  find  some  connection  between  these 

results  and  the  optical  properties.   It  will  be  remembered  that 

I 
ffund  found  the  sensibility  maximum  of  Selenium  to  lie  in  the 

region  of  increasing  transparency.  Nicholson '■s~experiment3  have 

a  bearing  in  this  connection.  Konigsberger"'  and  lluller^  have 


1.  Pfund.  Phys.  Rev.  XXVIII,  No.  5,  1909. 

2.  Nicholson.   Phys.  Rev.  Vol.  Ill,  No.  1,  1914. 

3.  Koenigsberger.  Ann  d.  Phys.  Band  43,  heft  8,  p.  12C5,  1914. 

4.  V.ueller.  N.  J.  F.  !.'.in.  Blbd.  17,  244,  1903. 
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found  for  Stifcnite  an  increasins  transparency  at  the  edge  of  the 
visible  spectrum, and  Trowbridge  found  a  teaperature    shift  of 
the  transparency  ma^timum  of  molybdenite  of  about  the  same  magni- 
tude ae  found  in  these  experiments  for  the  sensibility  maximum. 
It  night  be  mentioned  in  passing  that  certain  experiments-  per- 
formed on  the  transparency  of  a  cathode  film  of  Stibnite  at  2C° 
and  -130C  c.  indicate  a  slight  shift  of  the  transparency,  although 
the  evidence  is  far  from  satisfactory. 


Summary; 

To  Bummarize  the  results  of  this  paper: 
_1.  A  new  form  of  Selenium  cell  has  been  prepared  which  does  not 

crack  at  the  temperature  of  liquid  eir. 
2.  Sensibility  curves  of  Selenium  and  Stibnite  at  20" C  and  -  190 

show  that  the  low  temperature  causes: 

(a)  A  shift  of  the  maximum  sensibility  towards  the  region 

of  shorter  wave-lengths  by  about  600  A.U.  for  both  Stib- 
nite and  Seleniiwn. 

(b)  An  extension  of  the  range  of  sensibility  from  .9^l  to 

2  n. 


1.  Trowbridge,  Phys.  Rev.  Vol.  II,  No.  5,  Nov.  19C5. 
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d.       Seneibility  curves   for  Stibnite  for  2C  find  ll^C  volts  at  2C°  C. 
show  a  slight  apparent  shift  to  shorter  wave-lengths   for  the 
higher  voltage.     This  shift,   if  it  has  a  true  existence,   ia 
of  a  different  order  of  aagnitude   from  the  temperature  shift. 
^.       Sensibility  curves   for  the  same  Stibnite  cell  »f  both  equilibrium 
exposure? and  exposures  of  ten  seconds  show  a  shift  towards  longer 
wave-lengths  for  the  equilibrium  exposure. 

5.       Investigation  of  law  connecting  deflections  and  energy  for 
Stibnite  shows; 

e.    At  2C*'c.   Stibnite  obeys   square  root  law,   i.e. 

D  =  K  E^  where  ^  =   .5. 
b.      At  -  19C  C.    for  exposures  of  10  sees.      P  =   .77. 

^.  Stibnite  shows  voltage  effects. 

1,  Certain  oxides  and  molybdenite  give  promise  of  a  photo- 

electric effect. 

Conclusione :   - 

T^.         Both  Selenium  and  Stibnite  obey  the  law  D  =  K  E*^  at  2C*C. 
When  equilibrium  condition  has  been  established,    3  =    .5. 

2,  Both  substances  show  the. voltage  effects, confirming  the 

results  of  Ries   and  others. 
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£.         Both  Selenium  and  Stibnite  experience  a  •wery  great  exten- 
sion of  the  range  of  sensibility  into  the  infra-red  when 
cooled  dovm  to  the  temperature  of  liquid  air. 

A.         LcM»ering  the  temperature   from  20' C.   to  -  190°C.   causes  the 

sensibility  maximum  for  both  Selenium  and  Stibnite  to  shift 
to   the  region  of  shorter  wave-lengths  by  about  SCO  A.  U. 

^.         Theee  results  would  seem  to  indicate  that  the  mechanism 

which  brings  about  light  sensitiveness  in  Selenium  and  Stib- 
nite  is  of  the  sane  general  character. 

In  conclusion  I  wish  to   thank  Professor  J.   S.   Ames   for  suggest- 
ing the  problem  and  for  his  interest  throughout  the  investigation. 
To  Professor  Pfund  for  his  many  helpful  suggestions   and  for  his 
constant  encouragement  I  wish  to  express  my  sincere  appreciation. 
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